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FIGURE 1

The possibility of extending the laser principle into the hard x-ray
region above a few keV depends upon the ability of a pump to create the
critical density of population inversion for which gain overcomes loss by
absorption. Although this critical density decrcases with the wavelength of
the radiation to be stimulated, the power requirvd to generate it depends upon
the lifetime of the state being pumped. The lifetime. of inner-shell
vacancies of atoms are very short.

Nuclear states, on the other hand, have much longer lifetimes, ranglng

from fractions of picoseconds to millenia.

FIGURE 2

"recoilless'" or "Mossbauer" transitions of

Moreover, in the so-called
nuclear isomers, it is observed that the resonance cross section often exceeds
the nonrescnant absorption cross section by several orders of magnitude: just
the condit.on for lasing in an inverted population. If, other things being
equul, the absorber fvil of a Mossbauar experiment contained an excess of
excited states, then, instead of the absorption dip normally observed at
resonance, there would be an increase of intensity; amplification by
stimulated emission would be achieved.

"¢ proclem in making a gamma-ray laser is therefore simp!'v that of

obtaining an inverted population without inhibiting the Mossbhaucr effect.

FIGURYE 3

In 1973, scveral proposals for accomplishing this appeared in Soviut
sources; Lwo proposed to pump Mossbauer transitions in situ by mcans of
acutron bursts. All known Mossbauer trausitions have lifetimes ghorter than
ten microscconds) longer-lived ones have unduly broadencd lines. For
transitions having encrgy of the order of 10 keV or less, gamuwa emission is
almost entirely recoilless, provided the temperature of the golid host can be
kept below the Debye temperature.

Pumping must theretore create inversion without undue temperature risc;
otherwise the stimulation cross scction will fall below that for nonresonant
absorption. Col'danskii and Kagan proposed to employ a rigid golid host of
low gamma-ray absorption, to furnisa heat capacity, in the form of o thin

filament, to define a beaw and allow cscape of radiation penerated by neutron

capture.



FIGURE 4

Their estimate of the required number of neutron captures, and of that
part of the energy released upon their capture (including 8 MeV binding energy
and recoil from neutron impact) that could not escape from a thin filament,
led to the conclusion that the temperature rise could be tolerated, if the

neutron energy could be kept low, so as to avoid heating by recoil.

FIGURE 5

They estimated the neutron fluence to pump the Mossbauer transition in
Ta-181; this required knowledge of the neutron capture cross section ot its
parent, Ta-180. The result was 3(19) neutrons cm-z, below 100 ¢V, to be
delivered within its l0-microsecond mean lifetime. This, they rccognized,

would require a nuclear explosion for the neutron source.

FIGURE 6

Although they felt that direct pumping might nevertheless be feasible,
Gol'danskii, Kagan, and Namiot also showed how one might greatly reduce the
neutron fluence requirement. They proposed a two-stapc pumping process, in
which neutron capture generales the M8ssbaucr isotope in a separatc region,
where its radiation interacts only by nonresonant absorption hefore entering
the graser. There, MUssbauer absorption, with a much higher cross section,
produces the excitation in a thin region; the resultant density of exciteu

states is much higher than the density of captures in the convertor,

FIGURE 7

Scveral other proposals have appcarced that claborate on the two bustc
proposals of Gol'danskii and Kagan; in all, neutrons, produced in fission or
fusion reactions, must first be moderatced and then capturcd to forw the

¢xcited population,

FIGURE 8

At LASL, we heve studied mainly the first two neutron=burst=-pumped
proposals, although we have also given consideration to alternatives that
would employ long-lived transitions. Those would first require developing
methods for reducing the linewidth of the Mgssbauner radiation. Today, 1 shall
discuss only the neutron=burat-pumped proposals, they iuvolve aspecis quite

different {rom conventional lasers.



FIGURE 9

First: Even if an extremely brief burst of neutrons could be generated,
the neutrons must first be slowed down in order for the capture cross sectiul
to be appreciable and to avoid overheating the grascr. Flucluations of
moderating timeg mak~ the pumping sustaincd, rather than pulsed. NO previous
work has considered this aspect.

Second: The neutrons are captured into a highly excited state; the
resulting cascade of caplLure pamma radiation can populate either or bolh
levels. VFortunately, owing to operation of selection rules, cases of high
isomer ratios are known.

Third: Since the Mossbauer lire must nct be greatly broadened if lasing
is to ensue, the kinetics of resonance involves an inertial time-lag ol the
order of the reciprocal linewidth.

In short, an accurate account of the kinctics of a neutron-pumped graser
involves the history of neutron generation, moderation, and capture, as well
as of the lasig process. Baldwin and Suydam have worked out the kinctics for
a model in which the moderator is hydrogen, assumed infinite, the sourc. is a
spatially uniform dclta function, the ncutrons undergo resounance capture, and

the Mosabauer line is of an arbitrarily assigned breadth.

FIGURE 10

As an example of the application ol our kinetic model, we coasider the
Mdssbauer isomer Kr-83, which emits a 9.3-keV gamma ray {rom a 147-ns excited
state. In Méssbauer cxperiments, this state s formed by beta decay; we form
it by neutron capture in Kr-82. The radiative transition is internally
converted, so that only about 5% of the excited grates decay to the pround
statec by recoilless ganma radiation under the best of conditions. Morcover, a
1.86-h metastable level is populated in 2/3 of all necutron capturce events.

Other properties are favorable, however.

FIGURE 11

The computer study of Kr-#83 (by Laurie McNeii) accepted a set of arbitrary
input parameters: c.g., Source neutron density, density ot the lasing medium,
ifsomer ratio, neutron capture parameters and Debye temperatuie.s 1t caleulated
the time dependence of the amplitude of an electromaguetic wave, initiated at

the origin by spontancous emismion coincident with the pentron burst, and also
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of the parent and laser state populations. The parzmeter in th¢ upper curve
is distance from tii: spontancous source in nonresonant absorption lengths.
For this case, we have nearly pure exponential atlenuation and decay; there is
only slight amplification after about one-and-one-half mean lifetimes. The
neutron source intensity was ncvertheless quite high: 5(20) ncutrons

cm 2, Approximately 5% of the parent population has been depleted by

about 2.5 mean lifetimes.

FIGURE 12

By incorporating the Kr in a Be host at very low temperature and
increcasing the source-burst intensity to 1(22) em ?, we now sec
amplification; still, howevcer, barclyv enough to overcome the nonresonant
absorption. The delay is mainly the time for neutrons to moderate to Lhe
40~cV capture resuvnance of Kr-82. Further moderation to thermial energy
accomplishes little, 1. wever, since the parent population by then is
practically depleted, and accumulation of ground states overcomes exciled
state formation.

Similar results are found for other isotopes. Note that this simp tlicd
nodel has negleceed the effect of neutron bombardment ot the graser states;
more important, it has nol questioned the possibility tgat so many neulroas

can indeed be penerated and moderated == more on this later.

FIGURE 13
We therefore turn Lo the two=stage proposal.  In ity the grascr devels are
pumped by Mo s sbauet radiation, penecrated in o large volume ot copvertor and

resonantly absorbed in the graser,

FIGURE 14

Since resonance absorption can only saturats, not iavert, a three=level
scheme is essential; vizo, the isotope Dy=161 has several Mossbhauer lines and
a stable pareot isotope, Dy=to0, from which it can be formed by ueutron

capiure.  Baldwin and Solem 1ist four such cases.
FIGURE 15

The kinetics ol the two=stape system is, ol course, more complicated than
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that of the directly-pumped system. As a beginning, we neglect the tine Lor
neutron moderation and assumc capture, at a rate "y" per second in the
parent, to be a step function, populating the threc levels in fixed ratios.
The two excited levels, of course, have distinct decay constants "A". Level
2 is populated both directly by neutron capture and by decay of level 3. The
three gamma radiations arc attenuated by nonresonant absorption in the
convertor and by resonant scattering in the graser as well. The net pumping
rate coefficients wij in the graser are velated to the emission rates in the
couvertor by coupling coefficients Kii that are calculated as follews:
FIGURE 16

First, the time-dependent sources of recoilless radiation in the

convertor, exXcited by ncutron capture, are determined.
FICURE 17

Next, the vector flux of each respective radiatioun at the convertor-grascer
interface is calculated, taking account of obliquity and nonresonant

absorption.

FIGURE I8

Note that these fluxes ar: dependent upon internal conversicn, parent
depletion, isomer ratios, and recoilless fraction.

The elfect of resonant scattering in the preser is to replace the normally
exponential atteonuntion with distance by a more complicated dependence on hoth
distance and time, since the cross sectien for resonsnt interaction ig
time=dependent unless the iine s preatly broadeneds Here we optimisticaily

assume that it is of natural width.

FI1GURE 1Y

MOrsbaucr radiation is absoiocs in tne graser by both nonro sonant and
resonant processes,  Only the latter excite the noeleuse Near the interface,
the prebability ot resonant absorption is found to contain three factors: 1)
a peometpical factor, which for a nearly plane interface is 1/4;  2) the ratio
of resonant Lo nonresonant absorption cocfticients -- this, it will be
recalled, wan the basic advantape claimed tor two=stape pumping; 3) a kinetic

factor, cubodying the inertial time=lay, of resoniance seattering.
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Finally, we refer the probability for exci ation of a transition to the

total nuclear population of ground states in the graser medium, W(t).

FIGURE 20

These pumping rate coefficients can now be inserted ip rate equations for
the populations of the three states. Note that, urlike direct pumping,
two-stage pumping recycles the active nuclei in the graser; deplelion still
occurs in the convertor, of course. Each level is tormed by direct absorption
or by decay of a higher level, and destroyed by its decay or by resonant

absorption of an appropriate radiation.

FIGURE 21

The case of Ge-73 illustrates the results. The ordinate is degrece of
excitation: positive above irversion, negative below. The abscissa is the
logarithm of the neutron capture rate coefficient ("y" in earlier figures),
a product of neutron flux by capture cross section of the parent. If only the
lower level were pumped, we would have the curve 2.1 which, of course, can
saturate but not invert the populations. II[ both excited states are pumped,
we can indecd invert Ge-73 in principle, provided the neutron flux is high

enouph to give a captvre rate of 1(6) s !.

FIGURE 22

Unfortunately, for this 1sotope, the coupling coctiicicnts (KiJ) arv so
low that there is negligible advantage from two-stagce pumping. Morcowver,
although the 2=-1 transition can be inverled, it cannol lase, because its
nenresonant absorption cross scection is too high (unless the radiation is
anomalously transmitted). Finally, che neutron capture cross section of Ge-72
is only about 1 barn, so the neutron flux must cxceed 1(30) em™2 g~ !

for inversion.

FIGURE 23
laving found no known isomer with encouraping propertics, we inventod

one. For this hypothetical isomer, the capture rate coeflicient must be only
l(a) S_In



FIGURE 24

Being at liberty to choose any p:operties within reason for this
hypothetical isotope, we assumed no internal conversion, full recoilless
emission fraction, and, most optimistically, a neutron capture cross section
equal to the highest known, 2.6 megabarns. As & result, we now need only
about 6(21) neutrons cm ? s™! to invert this imaginary transition.
Such a high cross section can be realized only with fully thermalized

neutrons, velocity 2.2(5) ecm s”!. The corresponding neutron demsity at

the time of capture must therefore be at least 1(16) cm .

Had we considered the kinetics of neutron moderation, as in the directly
pumped cases, an appruciably higher theshold would have been found. Moreover,
other simplifying assumptions in this anal-.is all have thv effect of
underestimating the excitation requirement. Neutron pumping is clearly going
to require an enormous density of moderated ncutrons.

Can we, in fact, produce it, even with a nuclear explosion?

FIGURE 25
The answer is that we cannot. Baldwin and Solem have shown that to assumc
otherwise is to violate not just the facts of recent experience, but the laws

of thermodynamics.

Let us inject a density "9 of fast neutrons into an infinite moderator
(s0 that leakage and diffusive losses are neglected). The cnergy ol the
neutrons, imparted to the atoms of the moderator, raises their temperature.
According to the Scecond Law. when the temperatures of the pneutron gas and the
moderator have become equal, moderation must ccasc. A straightforward energy
balance calculation (i.c., applying the First Law) shows that no rore than
3.3(18) fimsion neutrons can be modcrated to 200 eV, and a far smaller numler

to thermal encrpicn.

FIGURL 26

When ditlusion and leakape are taken into account, the situation js even
less favorable,  This figure shows the maximum density allowed by enerpy
balance in a linite, heavy atom moderator.  For example, in a b mederator, ol
50 em radius, no more than 1C13) neutrons em™ can be moderated o 200, (.
repardless of the source burst strenpth. The cross in the fTipnee @0 the
Gol'danskii=Kapgan estimate for Ta-181; the cirele, MeNeil's computer pesull

lor Kr-8 V.



FIGURE 27

It is unlikely that transient features of heat conduction can mocify this
result. Here we show the calculated time-dcpendences of 2-MeV, 50-keV, and
l-keV neutrons after a delta-function source hurst. Most of the healing is,

of course, done by the fastest group of neutrons, and is accomplished before

the lowest-energy group has been populated.

FIGURE 28

Given these limitations on neutron density, can we pump a graser?

Here we again consider a hypothetical isomer, with 200 eV capture
resonance and a mean lifetime closely matching the time for neutrons to
moderate to thermal energies in hydrogen or to the capture resonance in a
heavy moderator, Pb. The pumping rate coefficients turn out to be about the
same as those estimated above for the other hypothetical isomer. The actual
fraction transmuted is very low, indeed.

We do not expect any actual isomer to begin to approach even so

vufavorable a result.

FIGURE 29

While we are therefore forced to conclude that in-situ pumping of a graser
by a pulsed neutron source is not fcasible, we hasten to add that there are
other, as-yet-unexplored proposals, based on longer~lived transitions that
might be excited separately, then purificed and assembled. Thesc¢, too, have
their problems; particularly that of lincbroadening - in real solids. At
present, no sufficiently detailed examination of these proposals has appeared
ro warrant a categorical conclusion; we can say only that these will be

difficult at best.
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